In humans, mutations in the SOX10 gene are a cause of the auditory-pigmentary disorder Waardenburg syndrome type IV (WS4) and related variants. SOX10 encodes an Sry-related HMG box protein essential for the development of the neural crest; deafness in WS4 and other Waardenburg syndromes is usually attributed to loss of neural-crest-derived melanocytes in the stria vascularis of the cochlea. However, SOX10 is strongly expressed in the developing otic vesicle and so direct roles for SOX10 in the otic epithelium might also be important. Here, we examine the otic phenotype of zebrafish sox10 mutants, a model for WS4. As a cochlea is not present in the fish ear, the severe otic phenotype in these mutants cannot be attributed to effects on this tissue. In zebrafish sox10 mutants, we see abnormalities in all otic placodal derivatives. Gene expression studies indicate deregulated expression of several otic genes, including fgf8, in sox10 mutants. Using a combination of mutant and morphant data, we show that the three sox genes belonging to group E (sox9a, sox9b and sox10) provide a link between otic induction pathways and subsequent otic patterning: they act redundantly to maintain sox10 expression throughout otic tissue and to restrict fgf8 expression to anterior macula regions. Single-cell labelling experiments indicate a small and transient neural crest contribution to the zebrafish ear during normal development, but this is unlikely to account for the strong defects seen in the sox10 mutant. We discuss the implication that the deafness in WS4 patients with SOX10 mutations might reflect a haploinsufficiency for SOX10 in the otic epithelium, resulting in patterning and functional abnormalities in the inner ear.
INTRODUCTION
The Waardenburg syndromes (WS) form a family of disorders, characterised by pigmentation abnormalities and sensorineural hearing loss, with diverse genetic causes (Read and Newton, 1997; Spritz, 2006) . The severity of deafness in WS individuals can range from mild to severe. Mutations in SOX10, EDN3 and EDNRB lead to WS type IV [WS4, also known as Waardenburg-Shah syndrome, or Yemenite deaf-blind syndrome (YDBS)], in which patients also present with Hirschsprung's disease (also known as congenital megacolon) (Puffenberger et al., 1994a; Puffenberger et al., 1994b; Edery et al., 1996; Hofstra et al., 1996; Pingault et al., 1998; Southard-Smith et al., 1999; Pingault et al., 2001; Inoue et al., 2004) . In humans, different heterozygous effects have been associated with different SOX10 alleles, with some resulting in WS4 Pingault et al., 2002) and others causing a more complex and severe neurocristopathy known as PCWH syndrome. This syndrome causes peripheral demyelinating neuropathy, central dysmyelinating leukodystrophy, WS and Hirschsprung's disease (Inoue et al., 1999; Pingault et al., 2000; Inoue et al., 2002; Verheij et al., 2006) . The distinction between the different alleles depends upon whether nonsense-mediated decay of the mRNA prevents the translation of truncated, dominant negative SOX10 proteins: PCWH results from dominant negative mutations, whereas WS4 results from haploinsufficiency (Inoue et al., 2004) . Deletions at the SOX10 gene locus have also been found to cause both WS4 and WS2, a variant characterised by deafness and pigmentation defects, but no additional symptoms (Bondurand et al., 2007) .
The aetiology of the sensorineural deafness in WS4 and YDBS individuals is likely to involve a loss of, or a reduction in the number of, melanocytes contributing to the ear . In mammals, neural-crest-derived melanocytes populate the stria vascularis of the cochlea as intermediate cells. These are thought to play a protective role and are essential for both the maintenance of endolymph composition and generation of the endocochlear potential (Steel and Barkway, 1989; Cable et al., 1992; Cable et al., 1993; Cable et al., 1994) (reviewed by Steel, 1995; Tachibana, 1999; Price and Fisher, 2001; Wangemann, 2002; Wangemann, 2006; Lang et al., 2007) . In the mouse, maintenance of the endocochlear potential depends on expression of the potassium channel Kcnj10 in intermediate cells (Marcus et al., 2002; Wangemann et al., 2004) . Melanocytes also populate vestibular regions and the endolymphatic apparatus in the mammalian ear (Masuda et al., 1994; Escobar et al., 1995; Peters et al., 1995; Stanchina et al., 2006) , but their role here is less clear; for example, mutations in Kcnj10 have no effect on vestibular endolymph (Marcus et al., 2002) . Analysis of the inner ear phenotype in murine models of WS and other auditory-pigmentary disorders has focused on the presence of intermediate cells in the stria vascularis; deafness is usually attributed to the loss of intermediate cells in this tissue, leading to a reduction or collapse of endolymph volume, a loss of the endocochlear potential and subsequent hair cell degeneration (Tachibana et al., 1992; Cable et al., 1994; Matsushima et al., 2002; Stanchina et al., 2006) (reviewed by Tachibana, 1999; Tachibana et al., 2003) .
Analysis of the inner ear in Sox10 Dom heterozygote mice, however, hints that deafness might result from causes other than Disease Models & Mechanisms 2, 68-83 (2009) doi:10.1242/dmm.001164 A zebrafish model for Waardenburg syndrome type IV reveals diverse roles for Sox10 in the otic vesicle Kirsten Dutton 1 , Leila Abbas 2 , Joanne Spencer 2 , Claire Brannon 1 , Catriona Mowbray 2 , Masataka Nikaido 1 , Robert N. Kelsh 1, * and Tanya T. Whitfield 2, * RESEARCH ARTICLE a loss of intermediate cells because, in the few samples analysed, these are still present in the ear (Stanchina et al., 2006) , and endolymphatic collapse is not observed (Tachibana et al., 2003) . In addition to contributing to melanocytes, neural crest cells also migrate around the otic vesicle; in the avian embryo, they contribute to part of the cartilaginous otic capsule and form all glial cells of the spiral and vestibular ganglia (gVIII) (Couly et al., 1993; Le Douarin and Kalcheim, 1999; Evans and Noden, 2006) . Because neural-crest-derived glia are also Sox10 dependent, defects in this population could contribute to the deafness found in WS4 individuals Britsch et al., 2001; Paratore et al., 2001) . In addition, a conserved site of Sox10 expression is in the otic epithelium itself, suggesting that there might be a more direct role for Sox10 in the development of the inner ear Pusch et al., 1998; Cheng et al., 2000; Watanabe et al., 2000; Dutton et al., 2001b; Aoki et al., 2003; Honoré et al., 2003; Taylor and Labonne, 2005) . If this is the case, haploinsufficiency or dominant negative versions of the Sox10 protein might affect the otic epithelium directly, in addition to having effects on neural crest derivatives.
Sox proteins are classified into groups according to the degree of identity between their HMG domains; Sox10 belongs to the Sox group E (Wegner, 1999; Kamachi et al., 2000) . In zebrafish, four group E sox (soxE) genes have been identified, sox8, sox9a, sox9b and sox10, although sox8 is not expressed until at least the hatching stage, and so only the latter three have been characterised in detail (Chiang et al., 2001; Dutton et al., 2001b; Li et al., 2002; Yan et al., 2002; Liu et al., 2003; Yan et al., 2005) . Expression of sox9a, sox9b and sox10 has been noted in the otic placode and early otic vesicle (Chiang et al., 2001; Dutton et al., 2001b; Li et al., 2002; Liu et al., 2003; Yan et al., 2005) . However, detailed characterisation and comparison of the expression patterns of these soxE genes in the developing ear have not been documented, despite the importance for interpretation of their partially overlapping functions in ear development, which have been shown by analysis of mutants (Dutton et al., 2001b; Yan et al., 2002; Liu et al., 2003; Yan et al., 2005) .
Mutations have been described in all three of these soxE genes and their phenotypes have been confirmed by morpholino phenocopy (Dutton et al., 2001a; Dutton et al., 2001b; Yan et al., 2002; Liu et al., 2003; Yan et al., 2005) . In jef/sox9a mutants and morphants, the early stages of inner ear development are relatively normal but at later stages the ear is slightly reduced in size, and formation of the cartilaginous capsule that normally surrounds the ear is defective (Yan et al., 2002; Yan et al., 2005) . Similarly, a sox9b deletion mutant and sox9b morphants show a slightly smaller ear and reduced cartilage differentiation (Liu et al., 2003; Yan et al., 2005) . Double mutants for both sox9a and sox9b either lack or have only vestigial otic vesicles, apparently owing to a failure to induce the otic placode (Liu et al., 2003; Yan et al., 2005) . The tpd mutant, which has a very similar phenotype to embryos in which both sox9 genes are disrupted, appears to encode a coactivator of Sox9 function (Rau et al., 2006) . Multiple alleles of colourless (cls) disrupt the sox10 gene and result in severe abnormalities of both ear and non-ectomesenchymal neural crest derivatives in homozygous mutants; all alleles are fully recessive and appear to act as hypomorphs or nulls (Kelsh et al., 1996; Whitfield et al., 1996; Dutton et al., 2001b; Elworthy et al., 2003; Elworthy et al., 2005; Carney et al., 2006) . These mutants also show overproliferation of placode-derived neuromast precursors as a result of the absence of posterior lateral line glial cells (Grant et al., 2005; López-Schier and Hudspeth, 2005) . The ear defects in cls/sox10 mutants are more severe than the effect of removing either of the sox9 genes singly, affecting non-sensory, sensory and neural derivatives (Whitfield et al., 1996) , as shown here. Detailed characterisation of the otic defects in sox10 mutants is required to evaluate the possibility that epithelial defects may contribute to deafness in cases of WS caused by mutations in SOX10.
Here, we analyse the expression of the soxE genes in development of the wild-type (WT) and sox10 mutant zebrafish otic vesicle. We reveal that, initially, sox10 expression shows an extensive overlap with that of sox9a and sox9b throughout the otic placode/vesicle. Subsequently, sox10 expression is strongly maintained in all otic epithelial cells, whereas sox9 gene expression becomes refined to specific domains. Using specific markers, we show that differentiation of most otic derivative cell-types can be observed in sox10 mutants, but that their organisation is abnormal. Abnormalities of the endolymphatic duct might contribute to the late expansion of otic vesicles in sox10 mutant embryos. To assess the interrelationship between the soxE group genes in otic development, we use mutant and morphant analysis to show that maintenance of sox10 expression in the ear is dependent upon soxE gene function, but that the loss of any one soxE gene is not sufficient to disrupt sox10 expression. We also show derepression of sox9 expression in sox10 mutant ears. Thus, soxE genes show complex regulatory relationships; for example, the sox9a; sox9b double mutant phenotype is likely to result, at least in part, from consequent loss of sox10 expression. We integrate our data into a working model of otic vesicle development. We also show, by singlecell labelling, that the contribution of neural crest cells to the otic vesicle is small and transient, which strongly indicates that the severe and varied defects in the developing sox10 mutant ear are largely dependent upon Sox10 function within the otic epithelium.
RESULTS

Group E sox genes are expressed throughout the otic epithelium from early stages
We have made a detailed analysis of the expression of the soxE genes in the developing zebrafish otic placode and vesicle. All three of the genes examined, sox9a, sox9b and sox10, are expressed from early stages in preplacodal ectoderm ( Fig. 1) . Initially, sox10 expression is the weakest of the three, probably reflecting a slightly later onset of expression. Expression of sox9a is restricted to an oval domain that is likely to correspond to only pre-otic tissue at the one-somite stage ( Fig. 1B) , whereas sox10 and, to a much greater degree, sox9b expression extends anteriorly and posteriorly in the head within the midbrain and hindbrain regions ( Fig. 1A,C ). Thus, this expression includes early cranial neural crest cells. By the 15-somite stage, when the otic placode has formed, sox10 expression persists throughout the placode, whereas expression of the two sox9 genes is downregulated in the anteroventral part of the placode (supplementary material Fig. S1 ). Subsequently, after cavitation of the vesicle and from at least 24 to 48 hours postfertilisation (hpf), sox10 continues to be ubiquitously expressed throughout the otic epithelium, whereas expression of the sox9 genes becomes restricted spatially ( Fig. 2 and supplementary material Fig. S2 ). Thus, at 24 hpf,
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sox9a expression is restricted to three domains, two dorsal and one ventral, and is downregulated in regions where hair cells are differentiating in the two maculae ( Fig. 2) . By 48 hpf, both sox9 genes have become largely downregulated in the otic epithelium, but sox9b expression is retained in the epithelial projections that form the semicircular canal system (supplementary material Fig. S2 ).
sox9a and sox9b are known targets of Fgf-dependent pathways of zebrafish otic induction (Phillips et al., 2001; Léger and Brand, 2002; Maroon et al., 2002) . However, sox10 expression is present and appears to be relatively normal in ace/fgf8 mutants (data not shown). We have also examined the expression of sox10 in various mutant backgrounds known to affect otic epithelial patterning and development, but expression is normal in smu/smo mutants (which lack Hedgehog signalling) (Barresi et al., 2000; Hammond et al., 2003) and in vgo/tbx1, noi/pax2a and dog/eya1 mutants (data not shown), each of which lacks the function of a transcription factor expressed in early otic epithelium (Piotrowski et al., 2003; Hans et al., 2004; Mackereth et al., 2005) .
Sox10 does not appear to be autoregulatory in the zebrafish ear but might regulate the expression of the sox9 genes
We extended our studies of WT ear development to examine the expression patterns of the soxE genes in the absence of sox10 function ( Fig. 2 and supplementary material Fig. S2 ). At both 24 and 48 hpf we saw no difference in the proportion of otic vesicle cells expressing sox10 between WT and sox10 mutant embryos ( Fig.  2A -Bٞ). Expression of sox9 genes at 24 hpf is largely comparable in sox10 mutants and their WT siblings, although sox9a expression in the dorsal otic vesicle is somewhat more extensive ( Fig. 2C -Cٞ, D-Dٞ). By 48 hpf, ectopic expression of sox9a is prominent in the otic epithelium of sox10 mutants, whereas in WT siblings expression is restricted to periotic mesenchyme (supplementary material Fig. 2C -Dٞ). Likewise, sox9b expression appears to be slightly upregulated in the ventral otic epithelium of sox10 mutants at 24 hpf ( Fig. 2E -Fٞ), and expression here persists at 48 hpf (supplementary material Fig. 2FЉ ). Note that the epithelial projections forming the semicircular canal system, which normally express sox9b strongly at 48 hpf (supplementary material Fig. 2Eٞ ), are rudimentary in sox10 mutants (supplementary material Fig.  2FЉ ). Thus, although sox10 transcription appears to be independent of sox10 function, Sox10 represses sox9 gene transcription (directly or indirectly) in the otic epithelium at later stages. Note, however, that a role for sox10 in regulating its own transcription is revealed when sox9 activity is also reduced (see below).
Otic vesicle morphology is abnormal in sox10 mutants
Abnormalities in otic morphology were noted in the initial descriptions of zebrafish sox10 mutants (Whitfield et al., 1996) . We have examined defects in sox10 mutant otic vesicle morphology from 27 hpf, when mutants can be identified on the basis of their pigmentation phenotype. At 27 hpf, there are subtle defects in otic vesicle shape: the dorsal epithelium of the mutant is not as thin as in the sibling, and the ventral epithelium is more uniform in thickness ( Fig. 3A,B ; Fig. 7A -D). By 48 hpf, the vesicle is clearly misshapen and smaller than normal, and the otoliths are small and more closely spaced than in the WT embryo ( Fig. 3C-E ). Development of the epithelial projections that form the semicircular canal system is initially delayed (Fig. 3C ,D); they eventually develop, but are rudimentary ( Fig. 3F,G) . Expression of the semicircular canal tissue markers ugdh1 (Busch-Nentwich et al., 2004) and dacha (Hammond et al., 2002) is, however, normal in the epithelial projections that are present (data not shown). The otoliths remain very small and sit close to one another in the mutant ( Fig. 3H-K) . At 5-8 days post fertilisation (dpf), the otic phenotype is very variable; some ears remain very small but others become grossly distended, sometimes on one side of the fish only ( Fig. 3J-O) . Further, where semicircular canal pillars have formed, they appear thinner than normal ( Fig. 3N ).
Regional markers indicate patterning defects in sensory and nonsensory regions of the cls/sox10 mutant ear
The complex morphological defects coupled with the early onset of sox10 expression in otic development led us to examine molecular markers of otic patterning in sox10 mutants. Whereas the expression of some markers, such as pax2a, is unaffected in the sox10 mutant ear ( Fig. 4A-D) , several markers are expressed abnormally. Interestingly, these often show both a loss of expression in their normal domain and ectopic expression elsewhere. At 24 hpf, fgf8 is expressed close to its normal domain in anteroventral epithelium (with a slight extension dorsally and medially), but is also misexpressed at the posterior of the ear in sox10 mutants ( Fig.  4E -H). Ectopic fgf8 expression at the posterior of the otic vesicle has also been reported in ace/fgf8 mutants (Léger and Brand, 2002) , but we find that in sox10 mutants this phenotype is fully penetrant [n=14/49 (29%) embryos from an unsorted clutch], whereas in ace/fgf8 embryos a posterior patch of fgf8 expression was only seen in two out of 12 identified mutants (data not shown). By 30 hpf, expression is lost in the anteroventral epithelium and, instead, is displaced to a broad region over the medial wall of the vesicle, which persists through to at least 49 hpf ( Fig. 4I -J and data not shown). 
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If the staining reaction is allowed to develop further, an occasional faint trace of fgf8 expression is seen at the posterior of sibling otic vesicles at 24 hpf, but in all cases the ectopic expression in mutant otic vesicles is at comparable or higher levels to that found in the normal anterior domain. pax5, which is also normally expressed in an anteroventral domain corresponding to the anterior (utricular) macula, is also misexpressed in a similar pattern ( Fig. 4K-L) . fsta, a marker of non-sensory posterior otic epithelium, is overexpressed at the posterior of the ear at 24 hpf, and is later widely misexpressed in medial otic epithelium at 49 hpf when the normal posterior expression domain is very weak ( Fig. 4M-P) . Therefore, the medial wall of the ear shows both abnormal and strong expression of markers of both anterior and posterior identity. The expression of central, ventral otic epithelium markers is also abnormal; otx1 expression is slightly expanded and the sharp anterior boundary of its expression domain is lost, whereas wnt4a expression is more diffuse than normal ( Fig. 4U -V and data not shown).
bmp4 is normally expressed at the anterior and posterior ends of the otic vesicle at 24-27 hpf, but by 48 hpf, bmp4 expression marks all cristae and a dorsal domain corresponding to the endolymphatic duct (Mowbray et al., 2001 ) (L.A. and T.T.W., unpublished) ( Fig.  4Q,S) . In sox10 mutants, the level of bmp4 expression is upregulated at 24-27 hpf but the pattern is largely normal, appearing concentrated in the anterior and posterior regions on the lateral wall of the vesicle (Fig. 4R ). However, at 48 hpf, the lateral crista domain and dorsal endolymphatic duct domain are lost in the mutant ear, whereas the anterior and posterior crista domains of expression are hugely expanded ( Fig. 4T ). bmp2b and msxc, which also mark cristae at 48 hpf, also indicate loss of the lateral crista domain (Whitfield et al., 1996) (data not shown). Expression of a second marker of cristae and the endolymphatic duct, aldh1a3, also reveals two abnormal crista expression domains at 48 hpf; expression in the lateral crista is reduced to a trace and expression in the endolymphatic duct is missing ( Fig. 4W,X) .
In addition, we documented changes in the expression patterns of two connexin genes, cx27.5 (homologous to mammalian CX32/GJB1) and cx33.8 (homologous to CX26/GJB2 and CX30/GJB6) (Eastman et al., 2006) . At 72-74 hpf, expression of both genes is lacking in the cls/sox10 mutant ear ( Fig. 4Y-BB ). Both genes are normally expressed in the lateral crista, which is missing in the mutant, probably accounting for the loss of this expression domain; however, cx33.8 is also expressed in the anterior macula at this stage ( Fig. 4AA , arrow), and this domain of expression is also missing in the sox10 mutant ear (Fig. 4BB ).
cls/sox10 mutant otic phenotypes are enhanced by knockdown of sox9 genes
Although sox10 may not be absolutely dependent upon itself for maintenance of its expression, it is plausible that sox9 gene expression compensates for the loss of sox10. To test this, embryos The ears of cls/sox10 mutants (B,D,F) and WT siblings (A,C,E) are shown in a lateral view of whole-mount embryos (A-F) and in transverse sections through the anterior (A'-F'), medial (A''-F'') and posterior (A'''-F''') regions. At this stage, sox10 is expressed throughout the otic epithelium and expression is largely unchanged in cls/sox10 mutants. In WT siblings, the expression of sox9a and sox9b is lost from anteroventral and posteromedioventral regions, where hair cells are beginning to differentiate in the two maculae. Expression is retained in a central ventral region and this domain of sox9b expression appears to be slightly upregulated in cls/sox10 mutants (arrows). Arrowheads in (C) and (E''') indicate possible sox9a and sox9b expression in the SAG. In this figure, and all subsequent figures, the developing otic structures are shown in a lateral view with anterior to the left and dorsal to the top unless stated otherwise. Bars, 75 μm (A-F); 50 μm (A'-F''').
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from crosses of sox10 carriers were injected with sox9a or sox9b morpholinos, or mixtures of the two, and patterning of otic vesicles was then observed at 30 hpf. Note that, in each case, equimolar mixtures of pairs of gene-specific morpholinos were used at doses phenocopying the described jaw and body morphology phenotypes of sox9 mutants (Liu et al., 2003; Yan et al., 2005) . As expected from previous studies (Liu et al., 2003; Yan et al., 2005) , knockdown of sox9 function resulted in smaller otic vesicles, with knockdown of both sox9 genes often resulting in tiny patches of otic epithelia, especially when performed in a sox10 mutant background ( Fig. 5G,H) . In some cases, such morphants showed no indication of an otic epithelium. Occasionally, sox9morpholino-treated embryos developed small, but duplicated, otic vesicles, as detected using markers including sox10, fgf8 or pax2a (data not shown).
We asked specifically whether soxE gene function is required for maintenance of sox10 expression in the otic epithelium. Although injection of any one sox9 morpholino into sibling embryos did not affect the ubiquitous strong expression of sox10 in otic epithelial cells, knockdown in sox10 mutants resulted in reduced levels of sox10 expression ( Fig. 5C-F ). Furthermore, the remaining expression was often patchy in its distribution through the epithelium ( Fig. 5C-F) . These phenotypes were noted when the function of any two soxE genes was disrupted, and enhanced when the function of all three genes was disrupted. These observations suggest that the soxE group genes function redundantly in the maintenance of sox10 gene expression in the otic epithelium.
We extended these studies by looking at other early otic vesicle markers and comparing the changes in expression patterns at 30 hpf when one or more soxE group genes were inhibited. At this stage, pax2a expression is essentially unchanged in sox10 mutants ( Fig. 4A -D) and is retained in the otic cells of sox10 mutants and in their WT siblings injected with either sox9a or sox9b morpholinos, or both sox9 gene morpholinos (data not shown; see also Liu et al., 2003) . Thus, otic pax2a expression does not seem to be regulated by soxE gene function. In contrast, otic expression of fgf8 becomes increasingly deregulated as soxE gene function is decreased (Fig.  6 ). Knockdown of a single sox9 gene results in limited ectopic fgf8 expression at the posterior of the ear; a double sox9 knockdown results in similar ectopic posterior expression to that observed in sox10 mutants, whereas the injection of sox9 morpholinos into sox10 mutants results in a further expansion of fgf8 expression. When the function of all three soxE genes is perturbed, almost all cells in the residual otic tissue express fgf8 (Fig. 6H ). We conclude that fgf8 expression in the developing otic vesicle is normally restricted to the developing anterior macula by the activity of soxE gene products. Expression of foxi1 is more variable, even in WT embryos at this stage, but nevertheless a similar pattern of increasing deregulation of gene expression is seen (data not shown). 
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Ear defects in zebrafish cls/sox10 mutants RESEARCH ARTICLE Sensory epithelia differentiate in cls/sox10 mutant ears, but are not patterned correctly We examined hair cell development in the cls/sox10 mutant ear by using FITC-phalloidin staining, which marks the actin-rich stereociliary bundle on the apical surface of each hair cell (Haddon and Lewis, 1996) . At 28-30 hpf, hair cell production in the cls/sox10 mutant ear appears relatively normal; two to four hair cells are present in each macula, as in the WT embryo ( Fig. 7A-H) . The otic vesicle is more rounded than normal, and the epithelium of the otic vesicle appears disrupted in places. However, by 48-51 hpf, there is no longer a clear distinction between anterior and posterior maculae; the patches are misplaced around the medial wall, and are too close together, sometimes forming a continuous patch.
By 60 hpf, five separate sensory patches are evident in the WT zebrafish ear: two maculae, each containing 30±2 hair cells (n=3 ears), and three cristae. In the cls/sox10 mutant, there is some variability in the hair cell phenotype. Macular hair cells appear to occupy one contiguous strip covering the medial wall of the vesicle ( Fig. 7M-P) , possibly correlating with the misexpression of anterior macula markers in this region (pax5 and fgf8; Fig. 4I -L). Anterior and posterior foci of hair cells are also present; these occupy the positions of the anterior and posterior cristae, but often have higher numbers of hair cells than would be expected for cristae at this stage ( Fig. 7Q-T) . In some ears they are contiguous with the medial patch of hair cells, forming a single patch of hair cells that extends round from the anterior to the posterior of the vesicle. This was confirmed by assessing the expression of the hair cell marker pou4f3 (data not shown). The ear is so misshapen at this stage that is difficult to resolve whether the anterior and posterior hair cell groups reflect enlarged cristae (which might correlate with the enlarged domains of bmp4 expression at the anterior and posterior of the vesicle; Fig. 4T ) or displaced macular hair cells (which might correlate with the dorsomedially displaced fgf8 and pax5 expression), or both. In some ears the lateral crista appears The posterior expression domain of fsta is stronger in sox10 mutants at 24 hpf. (O,P) By 49 hpf, WT otic fsta expression is very weak; in the mutant, ectopic fsta expression stretches over the medial wall of the otic vesicle (arrowhead). (Q,R) bmp4 expression at 24 hpf is much stronger in the mutant otic vesicle. (S,T) At 50 hpf, bmp4 expression normally marks the three cristae (asterisks) and the endolymphatic duct (ED). In the mutant, lateral crista and ED expression domains are lost; expression in the remaining two cristae is expanded (asterisks). (U,V) Expression of wnt4a (bracket) is slightly expanded in the mutant. (W,X) aldh1a3 expression normally marks the three cristae (asterisks), anterior macula (arrow) and ED at 72 hpf; in the mutant, the lateral crista domain is very weak, and the anterior macula and ED domains are absent [see (S) and (T), above]. (Y,Z) Expression of connexin27.5 is lost in the lateral crista (asterisk) of the mutant at 3 dpf. (AA-BB) Expression of connexin33.8 is lost in the lateral crista (asterisk) and anterior macula (arrow) of the mutant at 3 dpf. Bars, 25 μm.
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to be missing, whereas in others it is present but appears apically constricted, possibly in the process of being extruded from the epithelium (e.g. Fig. 7T ), which may correlate with the loss of bmp4 expression in this domain. At 72 hpf, hair cells occupy the entire medial wall of the vesicle; in the example shown, only one crista is present. A similar pattern is found at 5-6 dpf (Fig. 7W,X) , although in many cases the ear is grossly distended (see Fig. 3 ); if this is the case, organisation of hair cells into separate sensory patches is not evident (data not shown).
The neurogenic domain is expanded in cls/sox10 mutant ears
The statoacoustic ganglion (SAG) arises by delamination of neuroblasts from the otic epithelium. In the neural crest, sox10 has been shown to have a role in sensory neuron specification and survival (Britsch et al., 2001; Sonnenberg-Riethmacher et al., 2001; Carney et al., 2006) . Hence, we asked whether sox10 mutants might show disrupted sensory neuron formation in the SAG. We used two markers of early delaminating neuroblasts, neurogenin1 (ngn1) and neuroD, to examine 30 hpf embryos. In WT embryos, ngn1 is expressed in otic sensory neuron precursors before delamination, whereas neuroD is rarely expressed in the otic epithelium itself at this stage; both are robustly expressed in the nascent ganglion ( Fig.  8A,C; data not shown). In cls/sox10 mutants, both ngn1 and neuroD appear to be expressed at higher levels, or in supernumerary sensory neuron precursors, in both the otic epithelium and the nascent ganglion ( Fig. 8A-D) ; this phenotype continues until at least 36 hpf ( Fig. 8G,H) . However, expression of snail2, which also appears to mark delaminating otic neuroblasts -albeit possibly a different population to the ngn1-and neuroD-positive cells, is unaffected (Fig.  8E,F) . To test whether the abnormal expression of ngn1 and neuroD in the mutants correlates with an abnormal number of neurons in the SAG, we stained embryos with antibodies to Isl1 and the Hu antigen, both of which mark differentiating and mature neurons (Haddon et al., 1998; Marusich et al., 1994) . We found that the overall levels of Isl1 protein expression are decreased in the SAG of cls/sox10 mutants (Fig. 8I,J) , although Hu levels are indistinguishable (Fig.  8K,L) . However, counts of Isl1-positive nuclei and Hu-positive cells in the SAG revealed no significant differences in the number of neurons in cls/sox10 mutants (Isl1: WT, 46.1±9.9; cls/sox10 mutant: 46.8±9.1; p=0.85, t-test; n=12 ears for each genotype. Hu: WT, 21.80±6.268; cls/sox10 mutant: 26.57±3.359; p=0.0877, t-test; n=10 and n=7 ears, respectively). We conclude that the abnormal expression of ngn1 and neuroD in the cls/sox10 mutant otic vesicle and developing SAG does not result in a significant overproduction of SAG neurons, possibly owing to increased cell death (see below).
Levels of cell death are increased in the cls/sox10 mutant ear
Sox10 has been shown to have a key role in promoting neural crest cell survival: in zebrafish, death of neural crest cells in sox10 mutants occurs principally between 35 and 45 hpf (Dutton et al., 2001b) . Therefore, we used TUNEL staining to assess whether apoptosis contributed to the otic phenotypes in sox10 
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Ear defects in zebrafish cls/sox10 mutants RESEARCH ARTICLE mutants. Embryos were examined between 25 and 40 hpf; at all time points, cell death in the otic epithelium and/or SAG was significantly elevated over WT siblings (Tables 1 and 2; Fig. 8G-J). Although WT and sox10 mutant embryos cannot be easily distinguished morphologically at 25 hpf, 25% of the embryos in a batch have apoptotic cells in the otic epithelium and/or SAG. We infer that sox10 mutants already have elevated cell death in the ear at this stage. At all stages up to at least 40 hpf, elevated cell death was prominent in both the otic epithelium and the SAG, although individual embryos differed widely in the number of apoptotic cells they displayed.
Neural crest cells occasionally contribute to the ear and can give rise to several otic derivatives
Unlike mammals, the teleost ear has no cochlea and, therefore, no stria vascularis. Furthermore, neither melanophores nor melanoblasts are present in the zebrafish ear during embryonic stages (data not shown). Nevertheless, we tested whether there was any neural crest contribution to the zebrafish ear. We used iontophoretic labelling with rhodamine-dextran to label single neural crest cells in the region of rhombomere 4 (Dutton et al., 2001b) ; cells were labelled in the embryo at around the seven-somite stage (12 hpf ) and, thus, were premigratory (Raible et al., 1992; Schilling and Kimmel, 1994) , but they were already clearly distinguishable morphologically from otic placode cells. After labelling, embryos were recovered and then re-examined approximately one hour after labelling to confirm that single cells were indeed labelled. These cells all showed a mesenchymal morphology characteristic of neural crest cells ( Fig. 9A-C) . Embryos were then re-examined at around 36 hpf and the number and fate of labelled cell clones was recorded (Table 3) . These cells gave rise to all expected fates, including craniofacial cartilage, multiple pigment cell-types, glia and some neurons of the cranial ganglia. In addition, a small proportion (5%; Table 3 ) of clones contained 
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progeny that were clearly incorporated within the otic epithelium, and that in at least one case formed part of a sensory macula. This was confirmed by confocal microscopy using BODIPY ceramide to reveal tissue morphology ( Fig. 9D-G) . This contribution to the otic vesicle was, however, transient because we were unable to find labelled cells in the epithelium at 72 hpf. In one case where a clone had contributed to the otic epithelium, we did later see a single labelled sensory neuron in the SAG. We conclude that, although the majority of otic cells derive from the otic placode, a small subset of otic cells are derived from the neural crest, but that most or all of these might be lost. In part, this might result from delamination during SAG formation, although this inference will need to be tested rigorously using further approaches.
DISCUSSION
Sox10 participates in a feedback loop with sox9 genes to establish otic-specific patterns of gene expression
Current models of otic induction in zebrafish place the maintenance of otic sox9a and sox9b expression downstream of two convergent otic induction pathways, each dependent on Fgf activity (Phillips et al., 2001; Léger and Brand, 2002; Maroon et al., 2002; Nissen et al., 2003; Hans et al., 2004; Solomon et al., 2004; Hans et al., 2007) . The exact requirements for initiation of soxE gene expression in the otic region are less clear. Otic expression of sox9a, and to a lesser extent sox9b, is dependent on Fgf signals from the central nervous system (CNS) (Liu et al., 2003) , and expression of the sox9 genes is reduced, but not completely lost, in the absence of either foxi1 or dlx3b activity (Liu et al., 2003; Hans et al., 2004) . We found that zebrafish sox10 is not dependent on Fgf8 function, as expression is normal in ace (fgf8) mutants (data not shown), although treatment of Xenopus embryos with the Fgf inhibitor SU5402 eliminates both otic and neural crest expression of sox10 (Honoré et al., 2003) . All three soxE genes are coexpressed with dlx3b from early stages (one somite) in domains where neural crest and otic precursors overlap. The timing of the onset of soxE gene expression is similar to that of pax8, which marks the otic domain by the 10 hpf (tailbud) stage (Phillips et al., 2001) and precedes the onset of pax2a expression in otic cells at the three-somite stage (Fig. 1) . pax2a expression appears to be independent of soxE function in zebrafish since, even in triple mutant/morphants, residual otic cells show pax2a expression (data not shown). Disruption of pax gene function at stages before the onset of pax2a 
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Ear defects in zebrafish cls/sox10 mutants RESEARCH ARTICLE expression suggests that Pax8 plays an early role in the initiation or maintenance of sox9 gene expression (Hans et al., 2004) . However, in Xenopus, pax8 expression in the otic placode is dependent on sox9 function (Saint-Germain et al., 2004) . It is therefore difficult to place soxE factors either upstream or downstream of pax factors in a simple linear pathway in the ear; dissection of the gene regulatory network underlying otic induction will require an exhaustive analysis of transcription factor binding to the regulatory regions of all these genes.
Once expression of pax and soxE gene expression is established in the otic region, their expression patterns are maintained or refined by complex cross-regulatory actions. Our results with morpholino disruption of the sox9 genes corroborate previous observations in which morpholino knockdown of sox9b in jef hi1134 (sox9a) mutants results in the loss of the otic vesicle, with just a few scattered patches of pax2a-positive cells at 36 hpf (Liu et al., 2003) . We show that within the soxE group, the activity of any two soxE genes is required for the maintenance of sox10 expression throughout the placode, and that an important early role of all three sox genes is to restrict fgf8 expression to anterior macula regions. Note that cavitation to form a vesicle can occur with the loss of one or even two soxE factors, despite the reduction in overall otic tissue (data not shown). This is in contrast to the mouse Sox9 mutant, in which an otic placode forms but fails to invaginate to form a vesicle (Barrionuevo et al., 2008) . Since vesicle formation in the zebrafish involves cavitation, rather than invagination, it is perhaps not surprising that this role for Sox9 is not conserved.
As development proceeds, sox10 appears to be required for the downregulation of sox9 gene expression in the otic vesicle. Thus, sox10 provides a link between the otic induction pathways, otic specification factors (pax and sox9 genes) and subsequent otic patterning. This key function is demonstrated by multiple instances of abnormal marker gene expression in the sox10 mutant otic vesicle. Thus, we show shifts in anteroventral (utricular macula) expression domains to more dorsomedial positions (fgf8, pax5); deregulation or ectopic expression of several markers (fgf8, pax5, fsta, bmp4); loss of markers of the lateral crista and endolymphatic duct (bmp4, aldh1a3); and precocious neurogenesis in the otic epithelium (ngn1, neuroD). Although the abnormal patterning of sensory patches reflects these changes in gene expression, specification of sensory hair cells within the maculae appears to be unaffected since differentiated hair cells appear on schedule.
Failure of endolymphatic duct development or function might account for the late, and variable, otic swelling seen in mutants.
The otic phenotype of sox10 and hnf1b mutant embryos is very similar
We note the striking similarity of the sox10 mutant otic phenotype to that described for the hnf1b mutant (formerly vhnf1 or tcf2) (Lecaudey et al., 2007) . Many aspects appear similar at the 24-26 hpf stage, in particular the misexpression of fgf8 and pax5. Both mutants also show a transient increase in otic neurogenesis and tend to form only two cristae. The hnf1b mutant phenotype has been interpreted as an anteriorisation of the otic vesicle (Lecaudey et al., 2007) . We do not suggest that the sox10 mutant otic phenotype is a straightforward anteriorisation, because although anterior markers (fgf8 and pax5) are expressed ectopically, the posterior group of hair cells in sox10 mutants does not resemble an anterior macula; in addition, and in contrast to the hnf1b mutant, expression of the posterior marker fst is upregulated. hnf1b codes for a transcription factor that is expressed in the hindbrain and not in the ear; in the hnf1b mutant, rhombomere 5 (r5) fails to develop correctly and the r5-specific expression of val/mafb, wnt1, wnt3a and wnt8b is lost (Hans et al., 2007; Lecaudey et al., 2007) . Given the similarity of the otic phenotypes in the sox10 and hnf1b mutants, it is likely that they function in the same pathway. In Xenopus, injection of a dominant negative Wnt8 mRNA eliminates Sox10 expression in the neural crest and otic placode (Honoré et al., 2003) . However, we suggest it is unlikely that, in zebrafish, sox10 is a direct target of a localised signal (such as a Wnt) from r5, since our preliminary data (not shown) suggest that sox10 expression is unaffected in hnf1b mutants. Instead, we propose that sox10 might be required for competence of otic tissue to respond to a hindbrain signal. Alternatively, Hnf1b activity could be required for the expression of a partner of Sox10 in the otic epithelium.
Neural crest cells make a small contribution to the zebrafish ear
The expression patterns of soxE genes in zebrafish suggest that neural crest cells and otic placode cells are initially intermingled. In the chick, fate-mapping studies have shown that otic, neural crest, epidermal, epibranchial and CNS precursors are initially intermixed (Streit, 2002) . Placodal precursors for the otic vesicle, lens, olfactory epithelium, cranial ganglia and lateral line are also initially intermixed at the 50-60% epiboly (5-6 hpf ) stage in 
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zebrafish, but there is already clear anteroposterior organisation in the fate map (Kozlowski et al., 1997) . After cell sorting through extensive cell movements, neural crest cells in the chick embryo contribute to the glia of the VIIIth ganglion and nerve, and to the cartilaginous otic capsule (Le Lièvre, 1978; Noden, 1978; D' Amico-Martel and Noden, 1983; Couly et al., 1993; Le Douarin and Kalcheim, 1999) . In quail/chick chimeras, neural crest cells were observed to contribute to a minority of cells in the vestibular, but not the acoustic, ganglion (D'Amico- Martel and Noden, 1983) ; however, this study was not able to follow whether these cells entered the otic epithelium first before differentiating. Neural crest cells have not been shown previously to contribute to the otic epithelium itself, apart from the melanocytes that populate the stria vascularis, vestibular epithelium and endolymphatic duct of the mammalian ear (Steel and Barkway, 1989) . Nevertheless, in fish and amphibian embryos, neural crest cells have been shown to contribute to sensory and supporting cells of the lateral line system (Collazo et al., 1994) , and previous observations have also shown that the neural crest occasionally contributes to the zebrafish ear (T. Schilling, personal communication). In the chick, it has been reported that cells migrating from ventral regions of the neural tube can contribute to the otic vesicle (Ali et al., 2003) .
Although melanophores migrate around, and settle close to, the otic vesicle in the zebrafish embryo, they never appear to penetrate the otic epithelium itself -at least during the first five days of development. Furthermore, it is unlikely that melanophores play a role in the early stages of zebrafish otic development, as homozygous nacre/mitfa embryos, which lack melanophores, have no obvious otic defects or behavioural abnormalities that are indicative of hearing or vestibular dysfunction (Lister et al., 1999; O'Malley et al., 2004) . However, using single-cell labelling, we find that a small population of neural crest cells does contribute to the otic epithelium. Our sample is small, but indicates that these cells usually only transiently incorporate into the otic epithelium; in one case, such cells contributed a neuron to the SAG, but in all other cases (n=4) these cells subsequently disappeared. It is perhaps not surprising that neural crest cells can contribute to the otic epithelium, since otic and neural crest precursors initially share the expression of several genes (including the soxE genes). We estimate that the neural crest contribution to the ear is small, with the vast majority of cells still being placodal in origin. Therefore, we think it unlikely that loss of these cells contributes significantly to the otic phenotype in sox10 mutant embryos.
The cause of deafness in WS4 individuals
The aetiology of the deafness in WS4 individuals who carry SOX10 mutations is not straightforward. In the Waardenburg syndromes, together with other pigmentation and deafness variant syndromes, hearing loss is generally attributed to the loss of intermediate cells (melanocytes) in the stria vascularis of the cochlea, where they play a vital role in the maintenance of endolymph volume and the endocochlear potential and, ultimately, in hair cell survival (Steel and Barkway, 1989; Tachibana, 1999) . Phenotypic analysis of mouse models of the WS syndromes has, thus, concentrated almost exclusively on the melanocyte phenotype. For example, in mice carrying homozygous mutations in the Ednrb or Mitf genes, the stria vascularis lacks melanocytes, leading to an endolymphatic collapse and degeneration of hair cells in the organ of Corti (Tachibana et al., 1992; Matsushima et al., 2002; Tachibana et al., 2003) .
Sox10 differs from other pigmentation pathway genes (Edn3, Ednrb, Pax3 and Mitf) in that it is strongly expressed both in the neural crest and the otic epithelium, a pattern that is highly conserved in both fish and mammals. As a result, it is possible that deafness in WS4 individuals who carry SOX10 mutations not only results from a deficit of melanocytes in the ear, but also reflects additional roles for SOX10 in the otic epithelium. Interestingly, in the mouse models, hearing loss does not always correlate with melanocyte defects: melanocytes are still present in the heterozygous Sox10 Dom mouse ear and the endolymph volume appears normal. In occasional individuals with hearing loss, vacuoles were found in the stria and spiral ligament, and hair cells were absent in the organ of Corti (Tachibana et al., 2003; Stanchina et al., 2006) . However, a role for Sox10 in melanocytes of the stria is revealed in Sox10 Dom/+ ;Ednrb s/s double mutants, in which a severe loss, or absence, of melanocytes in the ear is seen, representing an enhanced phenotype from that observed in the Ednrb s/s single mutant. In single and double mutants at birth, analysis of hair cells in the organ of Corti revealed normal hair cell formation, even in melanocyte-free ears, suggesting that any subsequent hair cell loss is the result of degeneration (Stanchina et al., 2006) . 
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Although we do not detect haploinsufficiency in the zebrafish sox10 mutant, in humans, SOX10 mutations generally show dominant inheritance, owing to either haploinsufficiency or dominant negative mutations. Our work indicates that it is possible, even likely, that dominant forms of deafness in WS resulting from SOX10 mutations involve inner ear malformations as well as a deficit of melanocytes. Computed tomography (CT) and other scan studies involving WS individuals have given variable results, with some studies indicating that inner ear malformations (including semicircular canal malformations) might be common in WS (Nemansky and Hageman, 1975; Higashi et al., 1992; Madden et al., 2003) and others indicating that cochlear defects in WS are rare, making these individuals good candidates for cochlear implant therapy (Cullen et al., 2006; Daneshi et al., 2005) (reviewed by Oysu et al., 2001) . Temporal bone CT scans have been described for four patients known to be carrying mutations or heterozygous deletions in SOX10. Interestingly, three of these patients had severe morphological abnormalities of the inner ear: a WS4 patient carrying a SOX10 mutation had bilateral semicircular canal agenesis (Sznajer et al., 2008) ; a PCWH patient, carrying a large heterozygous deletion encompassing the entire SOX10 gene, had bilateral semicircular canal hypoplasia and vestibular malformation; and a WS2 patient, carrying a smaller heterozygous deletion within the SOX10 gene, had semicircular canal hypoplasia and dilatation, together with vestibular malformation and dilatation (Bondurand et al., 2007) . These structural abnormalities correspond well to the defects that might be predicted from our analysis of the zebrafish model.
Even if structural abnormalities are not present, the loss or misexpression of Sox10 target genes in the ear, especially those implicated in deafness such as the connexin genes, could contribute to hearing loss. In the zebrafish sox10 mutant ear, many of the genes that we examined show complex patterns of misexpression, with loss of normal domains of expression and derepression, or ectopic expression, elsewhere. In mammalian glia, the connexin genes CX32/GJB1 and CX47 are known targets of Sox10 function Schlierf et al., 2006) . Connexins play crucial roles in the inner ear: mutations in CX26/GJB2 and CX30/GJB6 account for the most common form of inherited deafness (DFNB1) in humans, whereas mutations in CX32/GJB1 have been implicated in causing the sensorineural deafness in Charcot-Marie-Tooth disease (Stojkovic et al., 1999; Lee et al., 2002) . Our data indicate that expression of the orthologous connexin genes cx27.5 and cx33.8 is lost in zebrafish sox10 mutant ears at 72-74 hpf. Although loss of expression may partly be explained by the loss of the lateral crista, it is possible that the direct or indirect downregulation of connexin gene expression could contribute to the hearing loss in individuals carrying SOX10 mutations.
Studies of Sox10 targets in mammalian neural crest derivatives suggest that Sox10 function is dose sensitive in the mammal, raising the possibility that similar patterning defects might occur in the ears of mammals heterozygous for Sox10 mutations. Any structural abnormalities may be attributed to a requirement for Sox10 in early patterning of the otic vesicle. Disruption to endolymph homeostasis might result from the loss of melanocytes in the stria vascularis, and/or through abnormal functioning of gap junctions owing to downregulation of connexin gene expression, or, alternatively, from abnormalities in the endolymphatic duct. We conclude that deafness in mammals carrying Sox10 mutations is likely to be complex in origin, reflecting a direct role for Sox10 in otic placodal derivatives.
METHODS
Fish husbandry
Zebrafish (Danio rerio) embryos were obtained through natural crosses and were staged by morphology (Kimmel et al., 1995) . The mutant alleles used in this study were: ace ti282a , cls t3 , cls m618 , dog tc257e , hnf1b hi2169Tg , noi tu29a , smu b641 and vgo tm90b . Chorions were removed with watchmaker's forceps and the embryos were maintained in embryo medium (Westerfield, 2000) . Living embryos were mounted in 1.2% low melting point agarose (Eisen et al., 1989) , for single cell iontophoretic injection of fluorescent dye, or in 3% methyl cellulose dissolved in embryo medium for later observations, and observed using Nomarski (DIC) optics. Where necessary, embryos were anaesthetised using a dilute solution of tricaine methylsulfonate (MS-222; Sigma). All experiments complied with institutional and national animal welfare laws, guidelines and policies. Procedures involving fish older than 5 dpf were undertaken under licence from the UK Home Office. Table 4 ) were used to knock down sox9a and sox9b gene function, both individually and in combination, in cls m618 embryos and their siblings, as described previously (Dutton et al., 2001a) . Two morpholinos were used in combination to knock down the expression of each of sox9a and sox9b, and all four morpholinos were used in combination to knock down the expression of sox9a and sox9b simultaneously (Table 4) . Morpholinos were injected into the yolk of embryos prior to the 16-cell stage using a Drummond Nanoject II apparatus (Drummond Scientific Co., Broomall, PA). Initial experiments showed that individual morpholinos generated similar, consistent phenotypes
Morpholino injections Morpholinos (Gene Tools; sequences in
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affecting jaw development (sox9a and sox9b) and a curly tail down phenotype (sox9b) over a range of doses; these were fully consistent with the published mutant and morpholino phenotypes (Liu et al., 2003; Yan et al., 2005) . Subsequently, each gene-specific morpholino was used at a relatively low dose, but in combination to avoid offtarget effects. Each embryo received 4.6 ng of each morpholino, or 2.3 ng where both sox9a and sox9b were knocked down simultaneously. The injection solution was labelled with Phenol Red to allow the distribution of the injected morpholinos to be visualised. Injected and uninjected control embryos were incubated at 28.5°C, before processing for marker expression.
Whole-mount in situ hybridisation
RNA in situ hybridisation was performed as described previously with cls t3 or cls m618 mutants and their phenotypically WT siblings. The probes used were: aldh1a3 (Pittlik et al., 2008) , bmp4 , fgf8 (Guo et al., 1999) , fst (Bauer et al., 1998) , foxd3 (Odenthal and Nuesslein-Volhard, 1998) , foxi1 (Hans et al., 2004) , neuroD (Korzh et al., 1998) , ngn1 (Blader et al., 1997) , pax2a (Hans et al., 2004) , pax8 (Hans et al., 2004) , sna2 (Thisse et al., 1995) , sox9a (Chiang et al., 2001) , sox9b (Chiang et al., 2001) and sox10 (Dutton et al., 2001b) .
Sectioning
Embryos were post-fixed, embedded in paraffin and sectioned at a thickness of 7 μm. Sections were counterstained with Fast Red. Sections in Fig. 8G ,H were hand cut (approximately 50 μm).
Immunocytochemistry
Antibody staining with anti-Hu mAb 16A11 (1:500) (Marusich et al., 1994) and anti-Isl1 (DSHB 40.2D6, 1:2000) was performed using an anti-mouse Alexa 546 fluorescent secondary or an anti-mouse-HRP antibody and developed with DAB. Both antibodies stain two groups of cells in the vicinity of the otic vesicle, one in an anteroventral position and the other in a posteromedial position. Isl1-positive nuclei (chromogenic stain) were counted individually in each group and the numbers for each individual ear were then combined. Hu-positive cells (fluorescent stain) were counted from single confocal sections of the anterior and posterior SAG cell groups containing the largest number of cells. Counts from each group were then combined for each ear.
Whole-mount double staining for TUNEL and Hu antibody
Embryos were developed for TUNEL staining using a fluorescein label (Dutton et al., 2001b) incubated with alkaline-phosphataseconjugated anti-fluorescein (Boehringer Mannheim) and developed using 4-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3indolyl phosphate (Boehringer Mannheim). The embryos were subsequently processed for anti-Hu as detailed in Immunocytochemistry, and developed with DAB.
Microscopy and photography
Embryos were examined using standard DIC optics or fluorescence, as appropriate on the Nikon Eclipse E800, and photographed using either a Canon digital SLR or SPOT camera, or examined on an Olympus BX51 and photographed using either an Olympus C-3030ZOOM camera and AnalySIS software or a CELLB camera and software. Confocal images were taken using a Zeiss LSM 510 or a Leica SP confocal microscope. Images were processed using Adobe Photoshop. Panels in Fig. 1A-D and Fig. 8D -F are composites of different focal planes.
Data analysis
Data were analysed using Prism3.0.
Single-cell labelling
Individual neural crest cells were labelled by iontophoresis, as described previously (Dutton et al., 2001b) . Briefly, cells were 
TRANSLATIONAL IMPACT
Clinical issue
The Waardenburg syndromes are rare genetic disorders characterised by both deafness and pigmentation abnormalities. Classically, they are described as neural crest syndromes; the hearing loss in patients has been attributed to the loss of neural-crest-derived pigment cells in the cochlea of the inner ear, where these cells play an essential role in hearing. Waardenburg syndrome type IV (WS4) and other variants can be caused by dominant mutations in the SOX10 gene, which codes for a transcriptional regulator that is essential for pigment cell development. However, SOX10 is not only expressed in the neural crest, but also in the developing inner ear itself. This raises the possibility that the hearing loss and other inner ear defects seen in WS4 patients could result from the loss of a direct function of SOX10 in the ear, rather than an indirect loss of neural-crest-derived pigment cells.
Results
We have used a zebrafish model of WS4, the colourless/sox10 mutant. This mutant displays the same spectrum of abnormalities as found in WS4 patients, affecting the ear, pigment cells and enteric neurons. By labelling neural crest cells, we have shown that a few neural crest cells do normally contribute to the zebrafish ear as it develops, but the loss of these cells is unlikely to account for the severe ear defects found in the mutant. Much more strikingly, the loss of sox10 function results in gene expression abnormalities in the developing ear from early stages, including the misregulation of genes coding for signalling molecules such as Fgf8 and Bmp4. As a result, severe structural and sensory abnormalities of the ear develop at later stages, including defects in the semicircular canals, sensory patches and endolymphatic duct. Thus, sox10 (together with the related sox9 genes) is crucial for establishing and maintaining correct patterns of gene expression in the inner ear at early stages of development.
Implications and future directions
This study demonstrates a direct role for Sox10 in the developing zebrafish ear, and raises the possibility that hearing loss in WS4 patients carrying SOX10 mutations could be compounded by structural and functional deficits in addition to the loss of neural-crest-derived pigment cells in the inner ear. Our findings are corroborated by descriptions of severe inner ear structural abnormalities in WS patients carrying SOX10 mutations, which would be very unlikely to result from the loss of pigment cells alone. This work helps us to understand the aetiology of the inner ear defects in these patients and to explain both hearing loss and any vestibular problems in cases of WS caused by SOX10 mutations. doi:10.1242/dmm.002212
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injected intracellularly with a 5% solution of lysinated rhodamine dextran (10,000 MW; Molecular Probes, Eugene, OR) dissolved in 0.2 M KCl, using glass micropipettes that were pulled on a Flaming-Brown micropipette puller model P-97 (Sutter Instrument Co., Novato, CA). Micropipette tips were filled with 3-5% lysinated rhodamine dextran in 0.2 M KCl and the needles backfilled with 0.2 M KCl. Premigratory crest cells that were segregated from, and lateral to, the neural keel between the posterior eye and the anterior boundary of somite one were labelled in embryos at the eightsomite stage. Only embryos with single labelled crest cells were analysed. Labelled cells were monitored visually using both DIC and fluorescence on a model BX50WI microscope (Olympus), but documented using confocal imaging with an LSM 510 (Zeiss), then processed using Adobe Photoshop. Cells were then monitored twice daily for 3 days until the progeny could be identified based on their morphology and location. Progeny fates were identified by the morphological characteristics described previously (Raible et al., 1992; Raible and Eisen, 1994; Schilling and Kimmel, 1994; Dutton et al., 2001b) . Thus, melanophores contained melanin granules, xanthophores were visibly yellow and fluoresced at a wavelength near that of fluorescein, iridophores contained iridescent granules, cartilage formed characteristic stacks of vacuolated cells, neurons had axons and were appropriately positioned, and glia were associated with axonal processes. Otic cells were defined as those incorporated into the otic epithelium. Although connective tissue has been described as a fate for neural crest cells in the head (Schilling and Kimmel, 1994) , these cells, along with cells in positions with limited optical resolution or that were not morphologically identifiable as one of the above cell types, were categorised as unidentified.
FITC-phalloidin staining
Embryos were fixed, permeabilised and stained with 2.5 μg/ml FITC-phalloidin as described previously (Haddon and Lewis, 1996) . For dorsal views in older embryos, ears were dissected before mounting. Embryos or dissected ears were mounted in Vectashield (Vector labs) and imaged with a Leica SP confocal microscope.
